. This triangle was surrounded data, is computationally efficient, and accounts for by other equilateral triangles so as to form a figure that object-centered hemineglect, a syndrome observed in appeared tilted 60Њ clockwise or counterclockwise (Fighumans after fronto-parietal lesions. ure 1A). As a result, the upper edge of the target triangle appeared to belong to the left side of the overall figure Introduction in the clockwise condition, and to the right side in the counterclockwise condition. They found that neglect paThe retinal image of an object changes whenever the tients detected the edge more often when perceived to object moves and every time the eyes move, either alone the right of the overall figure, thus showing an objector as a result of head and body movements. Yet, our centered neglect dissociated from any retinotopic frame ability to recognize and manipulate objects is, to a large of reference. extent, independent of our posture in the environment Although such experiments support the existence of as well as the position, orientation, and size of these object-centered representations, they make no claims objects. One possible explanation for this ability would about the nature of these representations at the neural be that cortical networks integrate sensory and postural level. This issue is best addressed with neurophysiologiinputs to create object-centered representations, i.e., a cal experiments in monkeys as was done a few years representation in which the position of the subparts of ago by Olson and Gettner (1995). The authors trained the object are encoded with respect to an origin and a monkeys to make a saccade to the right or left part of set of axes centered on the object (Marr, 1982) . The a bar while recording single unit activity in the Suppleexistence of such representations is supported by studmentary Eye Field (SEF). The protocol they used is preies showing that attention can be allocated to specific sented in Figure 1B bar the saccade should be performed. The cue disapAdditional evidence comes from the study of patients peared, and after a delay, a bar appeared at one of three with hemineglect, a neurological syndrome in which, possible contiguous locations at the top of the screen. following a lesion in their right cortical hemisphere, paAs soon as the fixation point disappeared, the monkey tients show a deficit in their ability to allocate attention had to make a saccade to the side of the bar that had to the left side of space (and vice versa, although right been cued. hemineglect tends to be rare). In particular, when asked As shown in Figure 1C , some cells were found to be to copy a drawing, neglect patients tend to ignore the selective for a particular side of the object. For instance, left side of each object in the scene, whether the objects the cell shown on the figure responded strongly prior are seen in the left or right hemispace (Marshall and to any saccade directed to the left side of the bar but only weakly to the same oculocentric saccades directed to the right side of the bar.
There are several possible interpretations for these mands, and in particular motor commands defined in object-centered coordinates such as "reach for the right results. For instance, the SEF may contain what we will call an explicit object-centered representation, that is side of the object." to say, SEF neurons may have response fields centered on one particular part of the object regardless of its
Basis Functions versus Explicit Representations
In the task used by Olson and Gettner (1995) , the monkey position, size, and orientation. Altogether, these neurons form a map in which the image of an object is reposiis asked to perform an eye movement based on an instruction and the image of a bar. The bar could appear tioned, scaled, and rotated to represent the object in a "canonical" view (the map need not be topographic on in three possible locations and always in the same orientation. In this paper, we consider an extension of this the cortical surface). Such a representation has also been proposed to support view-invariant object recognitask in which the bar can appear anywhere on the screen and in any orientation. We modified the original task tion (Olshausen et al., 1995) .
The goal of this paper is to present an alternative view, because, as discussed in the introduction, rotating the object is essential for distinguishing object-centered motivated by computational constraints and consistent with the neurophysiological data and the behavior of from retinotopic representations. As an example, consider a trial in which the monkey hemineglect patients. We argue that one of the purposes of object-centered representations is to facilitate the is instructed to make a saccade to the right side of a bar that has been rotated counterclockwise by 90Њ. In computation of motor commands whose goals are defined in object-centered coordinates. The task used by general, to foveate a target, the eyes must move by an amount equal to the retinal position of the target. Olson and Gettner (1995) in which the monkey is instructed to saccade to a particular side of a bar is an Therefore, in order to perform the task properly, the monkey must recover the retinal position of the right example of such a command. In this case, the monkey is given an instruction and the image of a bar, and it must side of the bar. One might think at first that we simply need to know the retinal location of all the subparts of generate the appropriate eye movement command. This sensorimotor transformation requires an intermediate the object and the current orientation of the object, but this is not quite sufficient. Just knowing that a particular representation of the image and the instruction from which the motor command can be computed. We prosubpart is located at Ϫ10Њ horizontally and ϩ20Њ vertically on the retina, while the object is rotated by 90Њ pose in this paper that this intermediate representation might involve a basis function map, a representation counterclockwise, does not tell us where is this subpart within the object. However, if we are also told that this well suited to the computational nature of such tasks. Basis function maps represent all possible combinasubpart lies on the top of the figure in retinotopic coordinates, we can now deduce that it must be the right side tions of the sensory variables, so that linear combinations of them are sufficient to compute any motor comin object-centered coordinates. If, on the other hand, (B) Same as in (A), but for a network using an explicit object-centered representation. The explicit representation cannot be computed directly from the input layers; it requires an extra step, which can take the form of a basis function layer, with inputs I, 0 , R , and R. Likewise, the saccade cannot be computed directly from the explicit representation, again requiring a basis function layer taking the explicit object-centered representation, the object's position on the retina R 0 , orientation 0 , and size S 0 as input. In other words, an explicit representation does not alleviate the need for basis functions and requires a minimum of five layers, as opposed to three for the basis function approach.
we are told that it lies at the bottom of the figure in For example, if there are two subparts, the list contains six elements: the relative retinal location, as well as the retinotopic coordinates, we can conclude that this is the left side in object-centered coordinates. Therefore, horizontal and vertical absolute retinal location of the first subpart (three elements), and the same for the secthe relative retinotopic coordinates of the subparts of the object are a critical piece of information.
ond subparts (three more elements). The third layer receives connections from the basis function units with This example shows that four critical pieces of knowledge are required to solve the task in general: (1) the weights, c n , and computes the motor command M by taking a linear combination of the basis function units instruction (e.g., go to the right side of the object), (2) the orientation of the object (e.g., 90Њ counterclockwise), such that (3) the relative retinotopic coordinates of the subparts of the object (e.g., is a particular edge on the top, bottom,
(1) right, or left side of the object in retinotopic coordinates?), and (4) the absolute retinal location of the subparts of the object (e.g., the location of the top edge on
The main claim of this paper is that neurons in the SEF or parietal cortex correspond to the basis function units. the retina).
In other words, the sensorimotor transformation inThere are several advantages to the basis function approach (Pouget and Snyder, 2000) . First, once the volved in this task can be thought of as a mapping, or function, which takes as arguments the instruction (I ), activities of the basis function units are computed, the computation of a nonlinear function f(I, 0 , [ R , R]) rethe orientation of the bar ( 0 ), the relative retinal location of the subparts of the bar ( R ), and finally, the absolute duces to a linear combination, a simple computation. Second, the same basis function units can be used for retinal location of the subparts of the bar (R). This function then returns the appropriate eye movement commultiple transformations by connecting the basis function units to multiple output layers, encoding distinct mand (M ). Note that we treat R as a scalar and R as a vector. Indeed, R is a variable that can take the values motor commands. This makes this type of representation ideally suited for the coordination of multiple behavup (90Њ), down (270Њ), right (0Њ), and left (180Њ), while R is the location on the two-dimensional retina.
iors, such as moving the eyes, head, and hand toward the same side of an object. Third, learning is greatly This scheme can be easily implemented in a threelayer network, as represented on Figure 2A representation, which would exclusively encode the ob-ject-centered locations of the object subparts, O, does object orientation and the command, and (4) an output layer combining all responses from the parietal/premonot provide a basis set for motor commands. In the case of eye movements, this is easy to see: you cannot move tor layer. The network structure is represented in Figures  3A and 7 . The details of its architecture are described your eye to the right side of an object if you do not know where this right side is relative to your fovea. In addition in the Experimental Procedures section. This network is able to compute the goal of a saccade to the object-centered location of the object subparts, one needs to know the current position, the orientation to an object (represented by a closed shape in the input layer) regardless of its position, size, shape, and orientaof the object on the retina, and its size. The transformation from the explicit representation to the motor comtion. Examples of activity patterns in the output layer for various orientations of the object are shown in Figure 3B . mand would therefore require an intermediate step such as a basis function representation of the object-centered location O, 0 , the object position R 0 , and size S 0 .
Basis Function Layer In fact, the problem is even worse, because the com- Figure 4A shows the activity of a parietal/premotor unit putation of an explicit object-centered representation tested with two different saccade directions, two object from a retinal image is highly nonlinear, requiring translaorientations, and two commands. In this particular case, tion, scaling, and rotation of the image ( object are more numerous in the right hemisphere. This on the SEF is much weaker for saccades to the left in retinotopic coordinates, which might result in a failure creates a hemispheric gradient that appears to be object-centered even if it does not involve cells with invarito trigger an accurate saccade or in a slower reaction time. Therefore, hemineglect affects a mixture of the ant object-centered receptive fields (see Experimental Procedures for details regarding the implementation).
object-centered and retinotopic frames of reference. Preliminary data from Olson and Gettner (personal comIn the first set of simulations, we investigated the effect of a complete lesion of the right hemisphere on munication QA) show that a lesion of the parietal lobe leads to a similar deficit in which the impairment affects the performance of the network in the generalized Olson and Gettner's task (1995). For clarity, we start by deboth frames of reference. Moreover, this mixture of frames of reference is also found in hemineglect patients scribing the results for a network containing only the object-centered gradient. As one might expect, the dam-(Behrmann and Tipper, 1999). Indeed, to our knowledge, patients with object-centered neglect always show retiaged network is now unable to perform any saccade directed to the left side of the object regardless of the notopic neglect as well. Note that these data would be difficult to reconcile with an explicit representation since position and orientation of the object, while being completely spared for saccades directed to the right side a lesion restricted to an object-centered area would predict pure object-centered neglect with no retinotopic (Figures 5A and 5B) . Interestingly, this impairment generalized across any orientation and any position of the component. Next, we tested our network on the Driver et al. experibar. In other words, the network shows a pure form of left hemineglect in object-centered coordinates. ment illustrated in Figure 1A . This experiment required patients to detect the presence of a gap in the upper Next, we simulated a lesion in a network with both the retinotopic and object-centered gradients (see Exedge of the middle triangle. Our network was not designed to perform this task, but one of the advantages perimental Procedures). This intrahemispheric retinotopic gradient is known to exist in human and nonhuman of the basis function representation is that it is not task specific and can be used for any sensorimotor task primates (Ben Hamed et al., 2001 ; Lagae et al., 1994; Tootell et al., 1998). The network is now impaired for involving the object. In this particular situation, we assumed that the activity in the basis function map influsaccades directed to the left hemiretina and to the left of objects (Figures 5C and 5D) . Even when the saccade ences the patients' performance. More specifically, we propose that the performance is directed toward the right part of the object, the activity of the patients is proportional to the saliency of the source of this effect can be attributed to the orientation input. Among the units selective to the upper edge, the upper edge, where saliency is defined as the sum of the basis function units responding to the upper edge ones that are most affected by the lesion are those receiving a strong input from the input units tuned to across all maps. The notion that activity in the parietal cortex corresponds to the saliency of the object, or an orientation of 60Њ clockwise, because they are the ones selective to the left side of objects. As a result, a subpart thereof, is strongly supported by single-cell recordings (Gottlieb et al., 1998) and the study of hemithe overall activation in the basis function map in response to the upper edge is greatly reduced when the neglect patients. We are simply extending this notion to the case of object-centered representations.
object is tilted 60Њ clockwise compared to 60Њ counterclockwise. When the lesions also affect the retinotopic As we did before, we considered two types of hemispheric gradients: a pure object-centered gradient and dimension, the deficit is exacerbated by the fact that the right edge of the triangle (right in retinotopic coordia combination of object-centered and retinotopic gradients. In both cases, we presented a digitized version of nates) is much more salient than the upper edge when the object is rotated 60Њ clockwise, simply because the the central triangle on the retina while the orientation input units were set to represent the perceived orientaretinal gradient favors rightward positions. In other words, the upper edge is not salient and lies next to a tion (60Њ clockwise or counterclockwise) provided by the alignment of all the triangles. The command units salient edge that is likely to attract the patient's attention. are ignored altogether in this task since they play no role. The consequences of a simulated lesion of the right We emphasize that the results of our simulation of the Driver et al. experiment do not depend of the exact hemisphere are very similar in both conditions. As can be seen in Figure 6 , the saliency of the upper edge profile of the hemispheric gradients. All that is needed is that the top or bottom features (in retinotopic coordidecreases when it is perceived as belonging to the left side of the object versus the right side.
nates) are differentially activated by the perceived clockwise or counterclockwise orientation. This predicts that patients should perform better when the upper edge is perceived to belong to the right side, To summarize, the basis function approach can easily account for object-centered neglect in both motor and which is indeed what was reported by Driver et al. The could be one of them.
Network Architecture Experimental Procedures
The input 
where W k is the kernel for map k and U l,m is the activity of the unit at position l, m on the retina, and where: where H n( (I ) is a modulation by the instruction I (e.g., it is maximum for one particular command specific to unit n, and near zero for all
other commands) and G n (x ) stands for a Gaussian function of x. We assume that the Gaussian function for R and R are narrow relative to the size of the object, such that only one subpart of the object Similar equations were used in the other maps, and the resulting distribution of activity on the V2 layers for bar or triangle objects is falls within the receptive field of a given unit. Therefore, we can 
